Various local drug delivery devices and coatings are being developed as slow, sustained release mechanism for drugs, yet the polymers are typically not evaluated after commercial sterilization techniques. We examine the effect that commercial sterilization techniques have on the physical, mechanical, and drug delivery properties of polyurethane polymers. Specifically we tested cyclodextrinhexamethyl diisocyanate crosslinked polymers before and after autoclave, ethylene oxide, and gamma 10 radiation sterilization processes. We found that there is no significant change in the properties of polymers sterilized by ethylene oxide and gamma radiation compared to non-sterilized polymers. Polymers sterilized by autoclave showed increased tensile strength (p<0.0001) compared to non-sterilized polymers . In the release of drugs, which were loaded after the autoclave sterilization process, we observed a prolonged release (p<0.05) and a prolonged therapeutic effect (p<0.05) but less drug loading 15 (p<0.0001) compared to non-sterilized polymers. The change in the release profile and tensile strength in polymers sterilized by autoclave was interpreted as being caused by additional crosslinking from residual, unreacted, or partially-reacted crosslinker contained within the polymer. Autoclaving therefore represents additional thermo-processing to modify rate and dose from polyurethanes and other materials.
Introduction

20
Polymers are widely used as biomedical implants and devices, yet changes in polymer properties after sterilization remain a prevalent problem in the development of new biopolymers. Sterilization of all medical implants prior to implantation is important, 1 and sterilization procedures can have a significant 25 effect on the polymers' properties, including the release rate of an implantable drug delivery system. 2, 3 The sterilization of a polymer is considered to be significantly challenging, and the sterilization protocol for a drug delivery polymer needs to be evaluated prior to any clinical trials. 4, 5 In 30 general, polymers can degrade or decompose when exposed to the kinetic energy of sterilization techniques; 6-8 in addition the sterilization procedures can further crosslink materials as well. 3 , 9, 10 The changes caused by sterilization are especially prevalent in hydrogels; the embedded water content of hydrogels aids in the 35 breakdown of chemical bonds during the sterilization procedure. 11, 12 To avoid the changes that occur during sterilization, alternative sterilization techniques are used, such as UV sterilization or ethanol soaking, yet the alternative techniques are challenging to precisely replicate, are not industrial standards, 40 and may not fully sterilize the biomaterial. [13] [14] [15] Therefore, it is still best to evaluate novel biomaterials with traditional sterilization techniques. 6, 14, 16 The four most common sterilization procedures for drug delivery polymers are dry heat, autoclave, ethylene oxide, and 45 gamma radiation. Each of these common sterilization techniques causes different problems in polymer crosslinked materials. Dry heat sterilization, which is the most basic sterilization procedure, heats the material at 170°C for over 1 hr, which will coagulate proteins and thus destroy any microorganisms present. 17 Because 50 of this high temperature, most polymers would soften or melt, and may also begin to degrade, leading to compromised thermomechanical properties and potentially altering the drug release profile of the non-sterilized material. 6 Autoclave sterilization, which is the process of exposing the polymer to 55 pressurized steam at 121°C, causes microorganisms to break down in the heated steam environment. Typically, plastics are not sterilized with autoclaving because the autoclave conditions can cause heat-sensitive materials to break down or melt. 18 The degradation of the polymer typically leads to less drug loading or 60 faster release. 19 A third sterilization method is to expose the biomaterial to an extremely reactive gas, ethylene oxide, typically at 60°C. Though hot ethylene oxide has the ability to kill all known viruses and spores, remaining ethylene oxide in the polymer is extremely toxic and carcinogenic to the patient. To it is the least likely to alter the drug delivery kinetics. 21 Lastly, sterilization by gamma radiation is an increasingly popular technique because it has the ability for good penetration of the polymer, due to their low atomic density, without leaving any residual chemicals or toxins. 22 Typically, the material is exposed 5 to 25 kGy of radiation from a Colbalt-60 ( 60 Co) source; however, the amount of radiation can be varied greatly depending on the biomaterial. 15, 23 The high energy of gamma radiation has the ability to create and break bonds; most notably, it reduces crosslinking in orthopaedic crosslinked materials and some drug 10 delivery polymers. 7, [24] [25] [26] However, if needed, gamma radiation can also be intentionally used as a crosslinking agent, providing the energy needed to create additional crosslink bonds. 3, 9 In our research we have explored polyurethane polymers, specifically the use of cyclodextrin polymers crosslinked with 15 hexamethyldiisocyanate (HDI) as implantable drug delivery devices.
27-31 These polymers have shown sustainable, long-term release of drugs in both in vitro and in vivo applications; however, we have not previously reported their performance after using commercial sterilization techniques. In an effort to 20 understand how these polymers would interact with the various types of sterilization, the mechanical properties and drug release profiles were evaluated before and after the sterilization of each polymer.
Previously, diisocyanate generated polyurethanes have been 25 evaluated after different sterilization techniques to determine the release of any broken linkages, specifically the leaching of 4,4'-methylenedianiline (MDA) as a result of sterilization. 32 The conclusions of the MDA release were found to be inconclusive. Polymers sterilized with ethylene oxide sterilization did not show 30 any changes in the MDA release. Polymers sterilized with autoclave or gamma radiation had an increase in leachants, and the quantity of MDA released was dependent on the monomers used and fabrication techniques. Still, the influence of sterilization on the thermomechanical properties and drug 35 delivery from cyclodextrin-HDI polymers has never been previously evaluated. The presented results in thermomechanical property and drug delivery changes can be expanded to any biomaterial using diisocyanate as a crosslinker. (DMF) in a 20 mL vial, which resulted in 33.3% weight/volume. The crosslinker was added to the vial in 1:0.32 (CD:HDI) ratio. The mixture was then poured into a 6 cm Teflon petri dish, covered in Parafilm, and allowed to cure in room temperature for 4 days. An 8 mm diameter punch was used to generate uniform 55 disks out of the polymer, unless otherwise specified. To remove unreacted monomers, the punched polymer disks were placed in a DMF bath for 24 hrs, then a DMF/Water (50/50 % by volume) bath for 24 hrs, and finally a de-ionized water bath for 72 hrs, changing the water every 24 hrs. More details of the protocol can 60 be found in previous literature.
29, 30
Sterilization Techniques
Standard sterilization techniques: dry heat, steam (autoclave), gas (ethylene oxide), and radiation (gamma rays), were used to ensure complete irradiation of foreign bodies for effective 65 implantation Dry heat sterilization was conducted in a sterilization oven that was preheated to 170°C. The samples were placed into the oven, and the temperature equilibrated at 170°C after 10 min. The samples were left in the oven for 30 min to ensure proper heating 70 through the sample. The samples were promptly removed from the oven and stored at room temperature.
Autoclave sterilization was conducted in an in-house autoclave system, which was operated at 121°C for 40 minutes to ensure thorough penetration of the heat and steam throughout the 75 polymer.
For ethylene oxide sterilization, the disks were sent to University Hospital (Cleveland, OH) for a warm ethylene oxide (routine hospital) procedure. Ethylene oxide gas was heated to 38°C at 55% humidity for 12 hrs. Afterwards, the polymers were 80 degassed for 48 hrs to ensure that all the ethylene oxide gas was removed from the polymer.
Gamma irradiated samples were exposed to 25 kGy gamma radiation, (Cobalt 60) via Steris Isomedix standard engineering run. After sterilization, all polymers were compared to nonsterilized polymers.
Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was performed on a TA Instruments Q500 TGA with a heating rate of 10°C/min in a 90 nitrogen gas flow of 40 mL/min. Samples of 8±2 mg were used. The weight change and derivative of the weight change was recorded versus time and temperature.
Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) analysis was performed 95 using a TA instruments Q100 DSC. A sample weight of 3-5 mg was placed in an aluminium pan and sealed hermetically. An aluminium pan was sealed without any sample, using air as a reference. The pans were initially held at -60°C and heated to 250°C under a nitrogen atmosphere. Then they were cooled to 100 0°C and finally heated again to 250°C.
Tensile-Strength Test
Polymers were punched in the shape of a dumbbell for tensilestrength tests. Dumbell-shaped samples were immersed in phosphate buffer saline (PBS, pH 7.4) for over 24 hrs to ensure 105 complete soaking. Wet conditions were used to more appropriately mimic biological conditions. The samples were blotted dry and placed immediately (less than one minute) into the grips of an Instron Model 1125 Universal Testing apparatus. The samples were pulled at 1 mm/min until complete fracture. 0.01 N). The strain and stress were calculated. Replicas of 4-5 were created to ensure statistical significance.
Drug Loading
Erythromycin, vancomycin, and rifampicin were each loaded into 10 different 8 mm polymer disks after the various sterilization techniques (or in equivalent non-sterilized samples). Erythromycin and rifampicin (5 wt%) were dissolved and loaded in DMF, whereas vancomycin (5 wt%) was dissolved and loaded in water. The disks were placed in the drug solutions and loaded 15 at room temperature for 4 days. The loaded disks were rinsed with sterile water and blotted with a sterile Kimwipe to remove excess solvent and surface drug before being dried through evaporation at room temperature.
Drug Release
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All samples were weighed, and then the drug-loaded disks (both previously sterilized and non-sterilized) were placed individually into 20 mL sample vials containing 10 mL of phosphate buffer saline (PBS, pH 7.4). The samples were incubated at 37°C and agitated at 85 rpm in a shaking incubator. Every 24±4 hrs, After the reaction, the concentration of drug was read at 480 nm. Standard curves for the amount of drug in the PBS solution were generated to determine the exact concentration released. 35 Total drug released (100%) was determined as the final total concentration released after an extremely long time with little or no release, and was calculated after the drug release experiments. Each drug release experiment was repeated three times for ANOVA statistical analysis using Excel.
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Zone of Inhibition
A zone of inhibition assay, also known as a Kirby-Bauer assay, was performed to test the bioactivity of the antibiotic-loaded sterilized disks versus non-sterilized disks. Agar plates were prepared as previously described. 29 A tripticase soy broth culture 45 of log phase Staphylococcus aureus (70 µL) was inoculated evenly over a tripticase soy agar plate using a sterilized spreader. The drug-loaded disks were placed on top of the inoculated plate and then immediately incubated at 37°C. Every 24 hours, the zones of clearance around the disks were recorded, using a 50 calliper, to measure the bioactivity of the disks during that day. The disks were then (daily) transferred to a new bacteria-covered plate.
Results and Discussion
Swelling Ratio Calculations 55 sterilized by dry heat; the water evaporates from the polymer. The peak at 125°C returns once the dried polymer is re-exposed to water.
The swelling ratio was determined by measuring the dry weight and wet weight (after 24 hrs soaking in water), and then the ratio was calculated using equation (1). The swelling ratios of 10 sterilized polymers were found to be significantly different (p<0.0001) from non-sterilized polymers, Table 1 . Swelling ratio is typically proportional to drug loading, which in this case indicates that sterilized polymers, especially autoclave (50% less swelling), will have less drug loading. The thermomechanical and 15 drug release changes are further investigated for polymers processed by each sterilization technique.
Thermogravimetric Analysis Results
Thermogravimetric analysis (TGA) was conducted on cyclodextrin polymers sterilized by autoclave, ethylene oxide, 20 and gamma radiation and compared to non-sterilized polymers, Figure 1 . Figure 1a shows that the various sterilization procedures had minimal effect on the degradation profiles of the polymer. The only measureable difference was observed at the 150°C degradation, which is due to water content. Ethylene oxide 25 is capable of reacting with embedded water content, reducing the observed degradation with TGA at this temperature. The nonsterilized polymers and polymers sterilized by autoclave and gamma radiation had ~10% degradation associated with embedded water content. Non-sterilized and sterilized polymers 30 experienced ~65% degradation associated with cyclodextrin, with the remainder associated with the crosslinker. The degradation profile is consistent with the initial weight of the reactants. Polymers sterilized by dry heat were tested to confirm that the degradation centered at 150°C was associated with water, and 35 that the embedded water content can be recovered, Figure 1b . The polymer was immediately tested after being sterilized by dry heat and no degradation was observed at 150°C. However, after the polymer is exposed to water for 24 hrs and dried, the 150°C peak returns.
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The TGA results confirm that the embedded water content of all samples is typically 10% unless the embedded water is reacted (e.g. ethylene oxide sterilization) or vaporised (e.g. dry heat sterilization). Also, the degradation profile remains consistent after sterilization, confirming that the sterilization protocols do 45 not degrade or change the general structure of the polymer.
Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was conducted on polymers sterilized by autoclave, ethylene oxide, and gamma radiation and compared to non-sterilized polymers, Figure 2a .
50
The cool-down and baseline (second heat-up) curves were found to be uniform with no phase transitions (data not shown). The baseline curve was subtracted from the initial curve, Figure 2 , which revealed two non-standard irreversible peaks at 125°C and 235°C. The peak centered at 125°C was identified as embedded 55 water content; the peak centered around 235°C was due to nondescriptive thermal memory. Minimal changes were observed between the sterilized and non-sterilized polymers. The largest difference was found in the amount of embedded water content contained in the ethylene oxide sterilized polymers.
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Polymers sterilized by dry heat were tested directly after exposure to the heat source, Figure 2b ; no embedded water content was observed. Dry heat sterilized polymers were then swelled in water and dried at room temperature, and the embedded water content peak returned. The dry heat experiments confirmed that the peak centered at 125°C was due to embedded water content, and the 125°C peak would return after exposure to water. The DSC results confirmed that the sterilization procedures do 10 not affect the heating profile and crystallinity of the polymers, and no glass transition temperatures were observed.
Tensile-Strength Tests
Tensile-strength tests were conducted on sterilized polymers shaped into dog-bones and compared to the tensile-mechanical 15 strength of non-sterilized polymers, Figure 3 . Ethylene oxide and gamma radiation sterilized polymers show no significant difference in mechanical strength compared to non-sterilized polymers. Polymers sterilized by autoclave showed a significant increase in strength (Young's modulus = 9.4±0.8) as compared to 20 non-sterilized polymers (young's modulus = 4.3±0.3), Table 2 , p<0.0001. The increase in tensile strength and decrease in swelling ratio of polymers sterilized by autoclave, Table 1 , is indicative of greater crosslinking as compared to non-sterilized polymers. Although a decrease in the swelling ratios for polymers sterilized by ethylene oxide and gamma radiation are observed, there seems to be minimal change in the tensile strength. The density of crosslinking may be affected from ethylene oxide and gamma radiation sterilization, but not to a degree that affects the tensilemechanical strength.
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Drug Release Profiles
The release of drugs as a function of time from polymers sterilized by autoclave compared to non-sterilized control polymers can be seen in Figure 4 . Differences in the release profiles between erythromycin (Figure 4 A,B) , vancomycin 15 ( Figure 4 C,D) , and rifampicin (Figure 4 E,F) are due to differences between the hydrophobicity of the drug which impacts affinity, and therefore, how well the drug binds with cyclodextrin. Polymers sterilized by autoclave released a significantly lower initial percentage of drug compared to the 20 controls (p<0.05). Also, polymers sterilized by autoclave continued to release drug after the non-sterilized polymers reached 100% release. Thus, the polymers sterilized by autoclave showed a longer, slower release profile than the non-sterilized polymers. While the slower release of polymers sterilized by 25 autoclave was present in the release profile of each antibiotic, it was most evident in the vancomycin and rifampicin release curves. Polymers sterilized by autoclave also displayed a significant decrease in the total amount of drug released compared to the 30 non-sterilized controls (p<0.0001) due to a decrease in drug loading ( Table 1) . Erythromycin exhibited approximately a 2-fold decrease, and vancomycin and rifampicin exhibited approximately a 4.5 fold decrease comparing non-sterilized polymers with polymers sterilized by autoclave.
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Based on the tensile-stress tests and the release data, the autoclave sterilization protocol caused further reaction of the cross-linker, creating a denser cyclodextrin network. A higher density of crosslinking would cause less polymer swelling ( Table 1 ) and less drug to be loaded into the autoclaved disks 40 (Figure 4 B, D, F) , as indicated in previous literature. 30 The higher crosslinking density would result in a higher diffusion coefficient (i.e. reduced release rate), Table 2 ), the gamma radiation and ethylene oxide sterilization protocols had no significant effect 55 on the properties of the cyclodextrin-HDI crosslinked drug delivery process. 
Zone of Inhibition
The bactericidal activity of sterilized and non-sterilized polymers 10 was measured in terms of the radius of the zone of inhibition, Figure 6 . Polymers sterilized by autoclave, that were loaded with erythromycin and vancomycin, initially showed less bactericidal activity than the non-sterilized disks; both had an initial smaller zone of inhibition before Day 6 (erythromycin) and Day 10 Figure 6E . During the rifampicin release, affinity interactions dominate over diffusion because the drug binds strongly with the cyclodextrin-based polymer; 30 therefore, the increase in the diffusivity coefficient (expected due to minor changes in crosslinking) does not significantly affect the long-5 term affinity-based bactericidal activity.
Polymers sterilized by ethylene oxide and gamma radiation that were loaded with rifampicin also had similar bactericidal activity compared to non-sterilized polymers, Figure 6F , up to 80 days.
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Conclusions
Release profiles and bactericidal activity of sterilized cyclodextrin polymers were compared to non-sterilized polymers. Three drugs were tested, erythromycin, vancomycin, and rifampicin, to give a representation of how drugs with different 15 binding to cyclodextrin interacts with the sterilized polymer. Further, these drugs indicate how future drugs will interact with a cyclodextrin polyurethanes.
Although polymers sterilized by ethylene oxide and gamma radiation showed a minor increase in polymer swelling after 20 sterilization, no significant change was observed in the tensilestrength, release rate, or zone of inhibition of the polymer.
Polymers sterilized by autoclave showed a significant reduction in the total amount of drug loaded and released, presumed to be due to the increase in crosslinking density (as 25 determined previously); however, this only affected the initial release rate of the antibiotic. Of the drugs tested, only the ones with a lower affinity to cyclodextrin (vancomycin and erythromycin) showed any difference between autoclaved polymers and non-sterilized polymers in terms of zone of 30 inhibition. The antibiotic with the highest affinity (rifampicin) showed virtually no difference in zone of inhibition between autoclaved and non-sterilized polymers for over 8 months.
The tests on sterilized polymers revealed two important results. First, ethylene oxide and gamma radiation sterilization techniques 35 can be used without significantly modifying the polymer properties. Second, autoclave sterilization can be used to increase crosslinking density, thereby allowing superior control over the release properties and bactericidal activity of loaded polyurethanes. Even with a reduced total loading amount, 40 autoclave sterilization can be used when a prolonged release is desired over greater initial release or drug loading.
